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Abstract

A powerful approach for generating ionospheric
corrections in wide area differential CJPS applications has
been developed, that can bc applied to the Federal
Aviation Administration’s Wide Area Arrgmcntation
Systcm (WAAS).  This approach has been used to support
ionospbcric calibration for NASA’s Deep Space Network
and will be supporting real-tirne operations for global
ionospheric specification and, possibly, single-frequency
satellite altimeter calibration. It is a real-time, grid-based
technique relying on a cornputationally efficient Kalnlan-
type filter to produce accurate, smoothly varying
ionospheric correction maps over the coverage area.
Formal error maps are also computed, providing vertical
delay errors over the WAAS grid, which are useful in
integrity monitoring. This solution to the ionospheric
correction problem is self-calibrating, since GPS
transmitter inter-frequency biases are obtained as a by-
product of the mapping procedure. This contrasts with
other techniques in which bias values must be provided
from sornc  additional source.

Sinlulated  data were gcncratcd  for  the proposed
configuration of 24 WAAS reference GPS stations, using
a well-tested clirnatological  ionosphere model (Bent) to
compute ionospheric total electron content (TEC) during
conditions typical near the peak of the solar cycle, Slant
TEC delays often exceed 30 meters over the continental
US (CONUS) during solar maximum, but the simulations
indicate that the corrections are accurate to 0.25-0.5 meter
over the CONUS, Alaska and Hawaii (this inclrrdcs any
errors in estimating the transmitter biases). Our technic]ue
is therefore uscfrrl for en-route navigation and precision
approach, the latter requiring 1.5 rnctcr correction
accuracy.



lntrocluction

We have ctevcloped a powerful and accurate method of
exploiting data from a dense GPS receiver network to
gcncra(c  high resolution “snapshot” images of the
ionospheric vertical delays anywhere within the coverage
area. The mapping technique has been used to support
operational ionospheric calibrations for NASA’s Deep
Space Network and will support real-time opcra(ions  for a
global network of G]% receivers that monitor ionospheric
total electron content (TEC). lhc correction method
relics on a Kalman  filter implementation and can
automatically pro(iucc  formal error maps. It is therefore
ideally suited for incorporation into a real-time correction
system such as the Federal Aviation Administration’s
wide area arrgmcntation  system (FAA WAAS). It is a
grid-based aigorithm with a built-in interpolation scheme
to provide corrections at any point within the continuous
coverage area, and is well adapted to provide a real-time
estimate of both the ionosphere and the errors at the
specified set of WAAS grid points.

In this paper, wc will summarize our wide-area
ionospbcric correction technique, which is based on the
Jet Propulsion I.aboratory’s  GPS Inferred Positioning
System sof[warc  (GIPSY),  extended to include the
triangular interpolation technique for ionospheric
corrections (TRIN).  This method has been described in a
previous lnstitutc of Navigation I’roccedings  paper
(Mannucci  et al., 1993, bcrcaftcr known as l’apcr  1). We
wiil summarize the specific advantages of our method, in
particular the use of a grid that is fixed with respect to the
Sun rather than co-rotating with ti]e Earth, We will
present simulation results that demonstrate the
GIPSY/TRIN  method is capable of 0.25-0.5 meter
correction accuracy over the continental US (CONUS)
during conditions typicai of solar maximum. Finally, we
will indicate how the GIPSYiTRIN  software could bc
incorporated into the I?AA’s real-time WAAS.

The G] PSY/TRIN  Method for Computing the Rcal-
Timc ]onosphcric  Correction

The CiIPSY~I’RIN ionospheric correction algorithms have
been described in a previous Institute of Navigation
Procccciings  (Paper 1), and only features of particular
rclcvancc to WAAS will bc summarized here. We will
discuss several unique features of the GIPSY/TRIN
method: 1 ) tbc use of a Sun-fixed, rather than Earth-fixed
grid for the initiai interpolation step; 2) the use of a
triangular grid, not a rectangular one and 3) the
instrumental inter-frequency bias estimation capability.

Ionospheric total electron contcn(  is extracted from Gl>S
by computing the difference bctwccn satellite-reccivcr
ran.gc measured at the two GI’S  frcquencics, 1.1 and 1.2
(see Paper I). T}lc line-of-sight measurements of
ionospheric delay arc intcrpo]atcd to form a wide-area
correction map that applies to the entire covcragc area.

The GIPSYiTRIN method employs a “shell” rnodcl of the
ionosphere: the ionospheric electrons are assumed to be
concentrated in a thin shell at a fixecl height of about 350
km. The delay due to this shell is parametrized in terms
of a set of vertex values uniformly distributed over a
spherical surface, in a triangular tiling scheme. The grid
is Sun-fixed so tilat it does not rotate with respect to the
basic structure of the ionosphere.

Each ionospheric measurement from a GPS receiver in the
network is modeled as a simple linear combination of the
grid vertex parameters in the following form:

where lr~ (ti ) is the real-time measurement from receiver
r and satellite s at time ti, Vi is the value of the TEC at
vertex i (i.e. parameter i) and M(E) is the obliquity factor
relating slant delay to vertical for elevation angle E. The
factor Wi (@ , 2,,1))  is a distance-weighting function that
relates the ‘i%C at the ionospheric pierce point location
(@PI,,  APP ) to the T~C  at the three vertices of the
intersected tile. This function is based on a simple bi-
linear interpolation scheme (see Paper I). This
“measurement model” is used in the GIPSY  Kalman  filter
for estimating the vertex parameters Vi from the real-time
data. The final two terms, br and b~, refer to the
instrumental inter-frequency (1.1/1.2) bias in the ground
receiver and satellite transmitter respectively. These
biases can bc estimated simultaneously with the
ionosphere delays or held fixed to a priori values.

The ionospheric mapping proecss makes extensive use of
the stochastic estimation features of the GIPSY Kalman
filter. As mcasurcmcnts  become available, the zenith,
ionospheric delay at every point of the triangular grid over
the c.overage area is re-estimated. (IJor current NASA
operations where GIPSY~RIN  is used, this coverage area
is the entire globe. ) The vertex parameters are modeled as
Gauss-Markov  stochastic processes, so that the updated
values at each grid point are correlated with their values at
the previous time step (i.e., they are not estimated entirely
independently at each step, so that the recent history of
measurements contributes to tile current estimate). Since
a distance weighting function is used in equation 1, the
vertex TEC values are also correlated spatially with the
values at adjacent grid points. This results in stable and
smoothiy  varying ionospheric maps.

Sun-Fixed Grid

The FAA WAAS specification requires that the
ionosphere delay be spccificd over an Ear-th-fixed grid
covering the CONUS coverage area (the grid spacing,
varies between 5 and 10 degrees). Most correction
techniques interpolate the TIiC measurements from the
GPS receivers in the WAAS network in an Earth-fixed
coordinate systcm (e.g. Jlrown,  1989; Kee e} a/., 1991).



IIowcvcr, the ionosphere varies much more slowly in a
Sun-fixed reference frame, so interpolation over a grid
fixed with respect to the Sun produces more accurate
correction maps. In a final s[cp, translation to the 13arth-
fixed WAAS grid can bepcrformed  rapidly witb no loss
of precision since the Sun-fixed corl-cction  map overlaps
the liarth-fixed grid.

‘I’hc  temporal stability of tbc ionosphere in a Sun-fixed
reference  fran~ei  sdcn~onstrat  ed inFigures 1 and2, which
arcplots  oftbcdiurna]  variation of T13Covcr threcwidcly
separated sites in the North American continent sharing
similar geomagnetic latitudes: Goddard (49.97
geomagnetic latitude, -76.83 geographic longitude), North
L.ibcrty (51 .93, -91 .57) and Quincy  (46.44, -120.94). The
zenith delay over each site was determined by evaluating
the GIPSY/TRIN global map solution directly overhead
each station for a relatively active day in March 1993
(solar sunspot number = 67.1, F1O.7 flux = 140). The
usual diurnal variation in the ionosphere causes the TEC
above each station to be markedly different at the same
universal time (figures 1 a and 1 b). This causes large
changes in successive F.arth-fixed  correction maps.
However, when zenith TEC is plotted in terms of local
time (equivalent to using Sun-fixed coordinates), the
differences between the stations is significantly reduced
(figures 2a and 2b), showing that all three stations
undergo similar diurnal variations. Therefore, correction
map variations arc much smaller in Sun-fixed coordinates,
and the correlation time between successive maps is
longer. This leads to more accurate wide-area corrections
when Kalman-filter updating is used.

In addition to reduced variability, the ionospheric pierce
points of the 14EC measurements cover a larger portion of
the ionospheric shell when a Sun-fixed grid is used, as
shown in figure 3a and 3b. These are plots of ionospheric
penetration points for the WAAS refcrcncc stations during
a three-hour period using an elevation cutoff of 20
degrees. A higher density of ionospheric pierce points is
evident for the Sun-fixed grid. The Earth rotates
underneath the Sun-fixed grid, so the Sun-fixed longitude
of each station changes with time, allowing a single
station to cover an additional 15 degrees of longitude per
hour. Since the Earth-fixed grid rotates with the stations,
gaps in the coverage may persist indefinitely, potentially
leading to large inaccuracies.

Triangular Grid

The WAAS specification requires that the ionospheric
corrections are computed for a set of fixed points over a
rectangular grid, that covers the CONUS region and
extends into southern latitudes. Most proposed correction
methods also LISC  a rectangular grid for interpolation
between the. n]casurcmcnts, which is disadvantageous for
two reasons. I;irst, the distance between the grid points
dctcrnlines  the spatial correlation scales that can be
reproduced in the T1lC map. For a rcctangul:tr  grid, this
will be Iatitudc-dcpcndcnt  in a manner which does not

match the cm-relation scales in tbc ionosphere. Second, a
scheme based on rectangular grids cannot be expanded to
cover the entire globe and therefore is naturally limited in
extent. If the WAAS correction algorithms arc based on
Earth-fixed grids, and the coverage region is expanded in
the future, the basic interpolation algorithms may rec]uire
significant modification. In contrast, a triangular grid
covers the sphere uniformly and is used in GIPSYffl-UN
since it is a global mapping technique. A triangular grid
can be used to form corrections over a limited region as
well, and the correction map can of course be evaluated at
a set of rectangular grid points that overlap the coverage
area.

Self-Calibration

Ionospheric measurements using dual-frequency GPS
receivers are affected by inter-frequency biases which, if
left uncalibrated, can corrupt the measurements by as
much as 5 meters. These biases, which affect both the
receivers and the satellite transmitters, can be accurately
estimated using the GIPSY/TRIN technique. Numerous
comparisons between global map solutions and
independent measurements of TEC show that the biases
are determined to better than 0.5 meter accuracy, even for
periods when the solar sunspot numbers were a factor of
3-5 larger than current values (see Wilson et al., 1994;
Mannucci et al., 1994), Therefore, in contrast to other
proposed ionospheric correct ion methods,  the
GIPSY/TRIN  method is self-calibrating, and does not
require that biases be provided from an external source.
However, should more accurate bias values be available,
they can be used to directly calibrate the data.

Even if receiver and satellite calibrations arc available
from an independent source, it is still useful to estimate
these biases off-line (i.e. not in real-time) on a regular
basis. A frequently-updated database of bias values can
be used to detect anomalous changes in the receiver and
satellite hardware. Therefore, wc would recommend that
bias estimation be performed frequently for the WAAS
network for the purpose of integrity monitoring.

Simulation Results

To assess the suitability of GIPSY/TRIN for applications
such as the FAA’s wide area augmentation system, a
simulation using the proposed configuration of 24 WAAS
remote stations was performed for conditions typical of
solar maximum, when slant ionosphere delays over
CONUS frequently exceed 30 meters. I.inc-of-sight TEC
measurements were synthesized every 5 minutes, based
on the proposed WAAS station geometry and assuming a
full GPS constellation of 24 satellites. The Bent
ionospheric model (Ltcnt  et al., 1976) was used for
generating realistic ionospheric delays for each satellite-
rcceiver  line of sight. The GIPSY/TRIN  method was
applied to the simulated data and a correction map was
formed over an extended region covering the CONUS,
Alaska and Hawaii. Comparing the correction map with



the model, tbc simulation results show that tbc
G1l’SY/l’l<lN global mapping tcchniquc  is accurate to
0.2 S-0.5 meters over the CONUS and in the vicinity of tbc
Alaskan and }Iawaiian  GI’S stations. This indicates that
Cil I’SY/’1’l<IN  is suitable for en-route navigation and
precision approach. l;or the Iattcr case, 1.5 meter
correction accuracy is required near land (WAAS
Specification, 1994). Greater accuracy will generally be
achicvcd  away from the peak of the solar cycle.

l%r cacb slant measure.mcnt, the vertical TIIC values
prcciictcd by the Bent model were multiplied by the
clcv:llioll-(icpclldctlt slant range factor, assuming the usual
cosccant  (thin shell) obliquity factor  M(li):

M(E)={]  -[cos E/(1 +}1/ R,; )]2)-I’2 (2)

where E is (I]c elcvaticrn angle, h is the height of the shell
and RF; is the radius of the Earth. For the simulated data,
the shell height was not hc]d constant, but was set equal to
the height of peak electron density predicted by the Bent
model. LJsing varying hcigbts h in the mapping function
is realistic, since in practice the exact equivalent shell
height or mapping function is not known. When forming
the correction map, however, the standard fixed shell
height  of 350 km was used.

The Bcnl mrrdcl was run for a day rcprcscntative  of solar
maximum conditions, in Ibis case 17cbruary 15, ] 991. For
this day, tbc model predicted daytime vertical delays
cxccc(iing 14 meters over the LJS and slant delays
cxcceding  30 meters. Solar activity inputs were: solar sun
spot number of 176.5; 1:10.7 flux value of 243.0. These
numbers arc factors of 3-10 above current solar minimum
vaiucs,

A ncw gri(i solution was pro(iuced every 30 minutes
ra(hcr  tilan every 5 minutes as would bc done in an actual
WAAS i[l]l~lc~llcr~tatio~], in order to reduce the disk
storage rcquircmcnts for ti~c comparison. Accuracy of the
corrections will generally improve with more frequent
solutions. Tile station and satcliite  biases were assumed
to bc LInknown and were estimated using the self-
calibl-ation capability of GIPSY~l’l<l  N. Iiach data point
was given the same data wcigilt ancl an elevation cutoff of
20 (icgrccs was usccl.

i~igulc  4 is a contour plot of ti)c rcsi(iual difference
bctwccn  tim Bent mocicl and tbc correction map, for the
interval 20:0(-20:30  UT. This figure is a typical case of a
daytime rcsidua] plot. lhe GI1’SY/TKIN  ionospheric
corl cction lncti]od prxxiuccs  an accurate representation of
the simulated (iata set over North America and in the
vicinity of llawaii  and Alaska. The maps are completely
(iata {irivcn an(i an a ixiori irmospi~cric  value of zero was
assumcci to initialize the mapping i~roccdurc. This
accounts fo[ the fall-off in accuracy in t}}c cxtrcmc
Northern an(i Southern areas of the map, where no data
was collcclcd  (SCC (hc covcragc maps in I:igurc 3). In
prac[icc, a tnore realistic a i~rioti irrnosi>herc available

from a climatological  model would bc used to smoothly
continue the maps outsicic the area directly covcre(i by the
mcasurcmcnts. IIowcvcr,  to avoid confusion i n
interpreting the results, wc ciid not use any a priori
information from an ionosphere mo(icl in this work.

I~igure 5 is a plot of the residual root ]nean sc]uarc (l{MS)
difference between (I]c correction niaps and the Bent
mo(icl, computed over two rectangular-shaped regions for
all 48 maps generated at 30-n~inute  intervals. The
extcndcci  region covers the same area shown in figure 4,
and includes areas not covercci by GPS data (primarily in
the northern and southern c(igcs of tile region). The RMS
residual for this region is an overestimate of the expcctcd
error for a WAAS implementation since it covers regions
where no GPS data were available. To determine more
realistic errors for the IiAA’s WAAS, the RMS has also
been computed for a rectangular-shaped region restricted
to (he CONLJS where data coverage is more complete
(this area is outlined in figure 3a). For both regions, the
accuracy of the GIPSY/TRIN method is generally better
than 1 meter. Over the smaller region where there is more
compiete  ciata coverage, the agreement is better than 0.4
meter for all the maps. Note that the residuals were
computed using the inter-frequency bias values estimated
by the GIPSY/TRIN method itself and did not rely on
exte]-nal calibration values. Sn]aller residuals can be
expected if these biases are fixcci to values clctermincd
off-line from several days of ciata, which would be
possible in an actual WAAS il~~l~lcl~lcrltation.

Applying GIPSY~I’l{lN to the FAA’s WAAS
I:lll)lc]]]clltatio]l

A real-time implementation of tile GIPSY/TRIN method
could bc applied directly to tllc ionospheric correction
component of WAAS. The formation of an ionospheric
correction for the WAAS user is essentially a two-step
process. I:irst, a selected set of delays and errors at the
grid points must bc generated as part of the slow
corrc.ction  (every 5 minutes woul(i  bc sufficient). This is
the critical task which can be performed by GIPSY/TRIN
with high accuracy. Sccoa(i, the updated grid values are
broacicast to a user who will convert thcm to a linc-of-
sigbt correction at the user’s location. interpolation
bctwccn the g[-id  values to fotm the user correction is a
less dcrnanciing  task which can bc executed with standard
intcri>oiation  techniques and is not ad(ircssed here.

The data flow for prociucing the ionospheric correction
and errors at the grid locations is shown in figure 6. The
data are input to the real-time implementation of the
GIPSY  filter along with an estimate of tile receiver and
satellite 1,1/1,2 delay biases. (These biases can be
obtaincci from an in(icpcncicnt  source or estimated off-line
with the Gli’SY  fiitcr. ) I;iltcrin~ is a rccursivc  estimation
process in whicil a previously estimated irrnospbcric delay
map is incrcmcntal]y a(ijustcd with ncw {iata at rcgu]ar
intctvais,  nominally every 5 minutes for WA AS. The
updates take oniy a fcw sccoa(is of CI’LJ time, The



process is initialized  with the Bent ionospheric model
(other models can also bc used) so that when it is star[cd
up for the first time, adjustnlents arc made to rcasorrablc  a
priori values rat}lcr than to arbitrary or zero values. After
a fcw update intervals, the great data strength of the
WAAS GI’S rcccivcr  network will cause the estimated
maps to be fully determined by the data, with no further
depcndcncc onthea  priori model.

At each step, thcupdatcd  map and associated errors are
stored for useat the next time update. The GIPSY/TRIN
vertex points arc not in general collocated with the
WAAS grid, and the maps must be evaluated at the Earth-
fixed WAAS grid locations. Since the GIPSY/TRIN
correction map overlaps the WAAS grid, this can be
accomplished in a few milliseconds with no loss of
precision. Finally, a selection criterion is applied to
determine which updated grid point values should be sent
to the user. The selection should be based on a
comparison between each of the latest updated grid values
and an average of the prior set of values.

Summary

A wide area ionospheric correction method used to
support operational ionospheric calibrations for NASA’s
Deep Space Network has been applied to the FAA’s
proposed wide area augmentation system (WAAS).
Simulation results show that, even under conditions
typical of solar maximum, the Gll’SY/TRIN ionospheric
correction method is accurate to 0.25-0.5 meter and
tbercforc meets the WAAS specification calling for 0.5
meter accuracy in the slow ionospheric correction. This
accuracy was obtained using the inter-frequency biases
estimates produced in the fit. in an actual WAAS
ill~r)lelllet~tation, the bias values WOUICI  be estimated off-
line using data from several days, resulting in even better
accuracy.

It should bc emphasized that the solar flux, which drives
the formation of the ionosphere, is currently near the
minimum of the solar cycle, or a factor of 3-10 less than
maximum. Simulations were performed for this study
since tests using current data from a network similar to
WAAS are not indicative of performance during more
challenging periods. I:urthcr  work should be performed to
test the systcm under conditions characteristic of major
ionospheric storms, which occur infrcquent]y but cause
instabilities in the ionosphere that can degracle  correction
pcrforlnance.

The GIPSYffRIN  technique can be readily incorporated
into a real-time correction scheme for the WAAS. Since
the algorithm is grid-based anti has a built-in interpolation
scheme, vertical ionospheric dc]ays and errors can be
evaluated at each of the fixed WAAS grid points in real-
time.
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Figure 1. This figure is a plot of the diurnal TIW variation over three North American receivers in the GIN global network,
plotted as a function of universal time, for March 13, 1993. Iiach receiver shares similar geomagnetic latitude (Goddard.
geomagnetic latitude 49.97, geographic longitude -76.83; North I.ibcrty  51.93, -91.57 and Quincy 46.44, -120.94). In (a), the
total TIZC  is p]ottcd;  in (b), the difference with Goddard is plot[ed. Earth-fixed correction maps over the WAAS coverage
area must follow these large diurnal variations.
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IOgurc  2. ‘1’his plot is similar to figure 1, but the diurnal TEC variation is plotted as a function of local time. Comparison
with fi~w-e 1 indicates that Sun-fixed (local time) correction maps have smaller gradients than the llarth-fixecl maps.
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Shell Intersect Points on Eorth– Fixed Shell
3 Hours of Dato  from WMS Network
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Irigurc  ~. These plots show the ]oca[ions of the shell intersect points for a 3 hour span of data simulated for March 21 J 1 ~~7
using the proposed configuration c}f 24 WAAS reference receivers. In (a), the coverage is shown of fol an Earth-fixed shell.
In (b), coverage is shown over a Sun-fixed shell. The shell height was assumed to be 350 km, and the elevation cutoff was 2.0
degrees. The continent map is placed to reflect the position of the Earth after an elapsed time of 2.5 hours.
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I~igurc4. Tt]isis  aplotof ttlercsidual  difference between the Bent model TICused inthesin~ulation sandthecorrection
mapproduccxl by the GI1%Y/TIUN  technique. This typical daytime residual n~apcover stheperio d20:O0-20:30universal
tinlc. The correction maps are generally accurate to 0.3 meter or better, except in regions where no measurements were
available (SCC the coverage maps in Figure 3).
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Figure 5. I’his  is a plot of the root mean square residual bctwccn the Bent model T1iC  and t}lc correction map, for each of
the 48 cm[cction  maps generated in the simulation. The RMS was computed for 1 xl degree grids over two regions: an
extended region covering the CONUS and Alaska and IIawaii, defined by the southwest corner at (1 5.0, -1 65.0) and the
nmthcas[  corner at (65.0, -55.0), geographic latitude and longitude. The other rectangular-shaped region was restricted to
cover (IIC  CON US, where ionospheric measurements are always available: SW corner at (25.0, -1 25.0) and Nli corner at
(48.0, -70 o).
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Figure 6: Data flow diagram showing the process involved for forming the grid delay corrections and errors for the FAA’s
proposed WA AS.


